Research in contextCD4+ T helper (Th) cells are closely related to cardiac injury; regulatory T cells (Tregs) are a new subset of Th cells, and IL-35 is the functional cytokine of Tregs. Cardiac injury mediated by DOX is the most serious complication during chemotherapy, and there are no good preventive measures. This study aimed to investigate whether IL-35 can reduce cardiac injury induced by DOX during chemotherapy. In addition to IL-35, IL-12p35 KO can cancel the biological effect of IL-12; therefore, we also determined whether IL-12 participates in DOX-induced cardiac injury and the underlying mechanisms.

1. Introduction {#s0005}
===============

Doxorubicin (DOX) is one of the most widely used chemotherapy drugs; DOX is used to treat leukemia, carcinoma, and soft tissue sarcoma \[[@bb0005]\]. However, its clinical use is limited because of the variety of clinical complications, the most serious of which is cardiac injury, which may even progress to heart failure \[[@bb0010], [@bb0015]\]. Because cardiac injury mediated by DOX is irreversible, there are no effective treatments available for cardiac injury in cancer patients following chemotherapy. Therefore, it is necessary to find effective targets to protect or relieve DOX-induced cardiac injury.

Although the specific mechanisms remain unknown, the inflammatory response has been demonstrated to be closely related to DOX-induced cardiac injury \[[@bb0020], [@bb0025]\]. Interleukins (ILs) are a type of cytokine closely related to the inflammatory response. In previous studies, IL-1β was reported to be increased in the strong inflammatory response to DOX treatment in mice \[[@bb0030], [@bb0035], [@bb0040], [@bb0045]\]. Other studies have demonstrated that ILs such as IL-10 and IL-33 could protect against DOX-induced cardiac injury \[[@bb0045], [@bb0050]\]. These findings suggest that ILs may be involved in the progression of DOX-induced cardiac injury.

Both IL-12 and IL-35 share the same subunit, the IL-12p35 subunit, and belong to the IL-12 family. Recent studies have also reported that IL-12 could play both anti-inflammatory and proinflammatory roles depending on the different inflammatory microenvironment \[[@bb0055], [@bb0060], [@bb0065]\]. In the cardiovascular system, IL-22 could aggravate atherosclerosis via amplifying inflammation \[[@bb0070]\]. IL-35 has been identified as a functional cytokine of regulatory T cells. IL-35 plays an anti-inflammatory role and ameliorates atherosclerosis \[[@bb0075]\], autoimmune disease \[[@bb0080]\], autoimmune diabetes \[[@bb0085]\], arthritis \[[@bb0090], [@bb0095]\], and explosive hepatitis \[[@bb0100]\]. The biological effects of IL-12 and IL-35 were abrogated when the IL-12p35 subunit was knocked out. Recent studies have reported that IL-12p35 knockout (KO) induces the inflammatory response and is involved in cardiac fibrosis and myocardial infarction \[[@bb0105], [@bb0110]\]. The evidence suggests that both IL-12 and IL-35 participate in the inflammatory response; however, whether IL-12 and IL-35 are involved in DOX-induced cardiac injury is still unknown. In this study, IL-12p35 KO mice and exogenous mouse recombinant IL-12 (rIL-12) and rIL-35 were used to explore the effect of IL-12 and IL-35 on DOX-induced cardiac injury.

2. Materials and Methods {#s0010}
========================

2.1. Animals and Animal Models {#s0015}
------------------------------

Wild-type (WT) mice and IL-12p35 KO mice with a C57BL/6 background were purchased from HFK Bioscience (Beijing, China) and Jackson Laboratory (Bar Harbor, USA), respectively. All the mice were housed in the specific-pathogen-free mouse room of Renmin Hospital of Wuhan University and received water ad libitum from the Animal Care Facility Service. WT mice received an intraperitoneal (i.p.) injection of DOX (purity ≥ 98%, Novopharm, 15 mg/kg), and an equal volume of saline was administered to mice as a control. Then, cardiac IL-12p35 expression was evaluated (n = 4 in each group). In a separate study, male IL-12p35 KO mice and their WT (11--12 weeks old, 27--29 g) littermates were injected with DOX or saline (WT + saline = control, n = 12; IL-12p35 KO + saline = p35 KO, n = 12; DOX + saline = DOX, n = 12; DOX + IL-12p35 KO, n = 13). These mice were observed every 12 h and weighed every 24 h. In addition, C57BL/6 mice were treated (i.p.) with PBS (50 μl, n = 10), rIL-12 (5 μg, n = 10) \[[@bb0115]\] or rIL-35 (5 μg, n = 10) \[[@bb0115]\]. Three days later, all the mice were treated with DOX injections for five days. This study was reviewed and approved by the Institutional Animal Care and Use Committee at the Beijing AnZhen Hospital of Capital Medical University (Beijing, China), the People\'s Hospital of Guangxi Zhuang Autonomous Region (Nanning, China), and the Renmin Hospital of Wuhan University (Wuhan, China).

2.2. Echocardiography and Hemodynamics {#s0020}
--------------------------------------

Mice were anesthetized with 1.5% isoflurane, and echocardiography was performed using a MyLab 30CV ultrasound (Esaote SpA, Genoa, Italy) system with a 10-MHz linear array ultrasound transducer. M-mode images of the left ventricle at the papillary muscle level were recorded; then, the heart rate (HR), and left ventricular (LV) function, including the left ventricular ejection fraction (LVEF) and fractional shortening (FS), were measured. After a microtip catheter transducer (Millar, Inc., Houston, TX, USA) was inserted into the right carotid artery and advanced into the left ventricle, the signals were continuously recorded using a Millar PressureVolume system (Millar, Inc.), and the maximal slope of the systolic pressure increment (+dP/dt max) and diastolic pressure decrement (-dP/dt max), left ventricular systolic pressure (LVSP) and left ventricular end-diastolic pressure (LVEDP) were recorded on a beat-by-beat basis.

2.3. Western Blot {#s0025}
-----------------

The LV tissue was lysed in RIPA lysis buffer containing protease inhibitors and phosphatase inhibitors. Then, the tissue was further fractured by ultrasound, and after centrifugation for 15 min at 3000*g*, total protein was collected. After detection with a BCA Protein Assay Kit (Thermo Fisher Scientific, MA, USA), approximately 40 μg of total protein was separated by electrophoresis on Laemmli sodium dodecyl sulfate (SDS) polyacrylamide gels. Then, the samples were transferred to Immobilon-FL polyvinylidene fluoride (PVDF) membranes (Millipore, USA). After blocking with 5% nonfat milk, the membranes were incubated with primary antibodies at 4 °C overnight. The membranes were then incubated with secondary antibodies at room temperature for 1 h. The blots were scanned using a two-colour infrared imaging system (Odyssey; LI-COR Biosciences, Lincoln, USA). The primary antibodies used in this study were as follows: anti-IL-12p35 (Abcam, Cambridge, England), anti-p-STAT3 (CST: Cell Signaling Technology, Boston, USA), anti-signal transducer and activator of transcription (STAT)3 (CST), anti-p-STAT4 (Abcam), anti-STAT4 (CST), anti-p-p65 (Bioworld Technology, Minnesota, USA), anti-p65 (CST), anti-inducible NO synthase (iNOS, CST), anti-arginine 1 (Arg-1, Abcam), anti-nitrogen oxide 2 (Nox2, Santa Cruz, Dallas, TX, USA), anti-Nox4 (Santa Cruz), anti-nuclear factor erythroid 2-related factor (Nrf2, GeneTex), anti-hemeoxygenase1 (HO-1, GeneTex), anti-Bax (CST), anti-Bcl2 (CST), anti-cytochrome C (Cyto C; CST), anti-cleaved-caspase3 (Cle-cas3; CST), anti-cleaved-caspase 9 (Cle-cas9; CST), anti-p-protein kinase R-like endoplasmic reticulum (ER) kinase (p-PERK, Abcam), anti-p-eukaryotic inhibition factor 2a (p-eIF2a, Santa Cruz), anti-activating transcription factor 4 (ATF4, Abcam), anti-C/EBP homologous protein (CHOP, CST), anti-cleaved-caspase 12 (Cle-cas12; CST), anti-beclin1 (CST), anti-LC3 (CST) and anti-glyceraldehyde-3-phosphate dehydrogenase (GADPH, CST).

2.4. Measurement of Enzymes and Cytokines {#s0030}
-----------------------------------------

Blood samples were collected from each mouse and were centrifuged for 15 min at 4000*g*; then, serum was obtained from each sample. Total protein was collected from LV tissue, and lactate dehydrogenase (LDH) activity and the creatine kinase myocardial bound (CK-MB) levels in serum and LV tissue were measured. In addition, the levels of malondialdehyde (MDA), superoxide dismutase (SOD) and glutathione (GSH) in the left ventricle were detected according to the manufacturer\'s instructions (all from Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.5. Histological Analysis {#s0035}
--------------------------

The mice were euthanized under anesthesia, and the hearts were immediately isolated and weighed. Then, the hearts were arrested in diastole with 10% potassium chloride (KCl). After being fixed with 4% neutral paraformaldehyde for 5 days, the hearts were embedded in paraffin, cut into approximately 4-mm sections and mounted onto slides. Hematoxylin and eosin (HE) staining was performed for histopathological analysis. For immunohistochemistry staining, the sections were subjected to a 5-minute high-pressure antigen retrieval process in citrate buffer at a pH of 6.0 and blocked with 10% bovine serum albumin for 1 h. Then, the sections were incubated overnight at 4 °C with the primary antibodies anti-IL-12p35 antibody (R&D Systems, Minneapolis, USA), anti-CD80 antibody (R&D Systems), anti-CD206 antibody (R&D Systems), anti-iNOS antibody (CST), and anti-Arg-1 antibody (Abcam). Binding was visualized with the appropriate peroxidase-conjugated secondary antibodies (horseradish peroxidase (HRP) AffiniPure goat anti-rabbit IgG) for 1 h at 37 °C. For 4-hydroxynonenal (4-HNE) analysis, the sections were deparaffinized and blocked with 8% goat serum in PBS, followed by incubation with anti-4-HNE antibody (Abcam) for 12 h at 4 °C. Subsequently, the sections were incubated with anti-rabbit HRP reagent (Gene Tech, Shanghai) for 1 h at room temperature and developed using a peroxide-based substrate DAB kit (Gene Tech). Finally, the sections were dehydrated in ethanol and cleared in xylene. Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining was performed using a commercially available kit according to the manufacturer\'s instructions (Millipore, USA) to detect apoptosis. In addition, parts of the freshly obtained LV tissue were fixed at room temperature in 2% glutaraldehyde (Servicebio, Wuhan). These samples were then analyzed by transmission electron microscopy (TEM).

2.6. Quantitative Polymerase Chain Reaction (RT-qPCR) {#s0040}
-----------------------------------------------------

LV tissue was lysed by TRIzol reagent W, and total mRNA was collected. A 2-μg sample of total mRNA was used to synthesize cDNA using a reverse transcription kit according to the manufacturer\'s instructions (Roche Diagnostics GmbH, Mannheim, Germany). LightCycler 480 SYBR Green Master Mix (Roche) was used to perform the PCR amplifications. The relative mRNA expression levels of IL-1β, IL-6, IL-17, TNF-α, IFN-γ, monocyte chemotactic protein (MCP)-1, IL-4, IL-10 and IL-13 were investigated, and the results were normalized to the expression levels of GAPDH. The RT-qPCR primer sequences are shown in [Table 1](#t0005){ref-type="table"}.Table 1RT-PCR primers used.Table 1GeneForward primerReverse primerIL-1βGGGCCTCAAAGGAAAGAATCTACCAGTTGGGGAACTCTGCIL-6AGTTGCCTTCTTGGGACTGATCCACGATTTCCCAGAGAACIL-17TCCAGAAGGCCCTCAGACTAAGCATCTTCTCGACCCTGAATNF-αCCCAGGGACCTCTCTCTAATCATGGGCTACAGGCTTGTCACTIFN-γACTGGCAAAAGGATGGTGACTGAGCTCATTGAATGCTTGGMCP-1CTTCTGTGCCTGCTGCTCATCGGAGTTTGGGTTTGCTTGTCIL-4ACGAGGTCACAGGAGAAGGGAAGCCCTACAGACGAGCTCACTCIL-10ATAACTGCACCCACTTCCCAGGGCATCACTTCTACCAGGTIL-13CGCAAGGCCCCCACTACTGGCGAAACAGTTGCTTTGTGAPDHAACTTTGGCATTGTGGAAGGCACATTGGGGGTAGGAACAC

2.7. Statistical Analysis {#s0045}
-------------------------

All data are expressed as the mean ± standard deviation (SD) and were analyzed by GraphPad Prism 6 software. The differences between two groups were compared with unpaired Student\'s *t*-test. A P value \<0.05 was considered statistically significant.

3. Results {#s0050}
==========

3.1. DOX Treatment Increased the Level of Cardiac IL-12p35 Expression {#s0055}
---------------------------------------------------------------------

The IL-12p35 expression level in the left ventricle was determined by histological analysis and western blot. The results showed that the IL-12p35 levels were increased in DOX-treated mice when compared with baseline ([Fig. 1](#f0005){ref-type="fig"}A--C).Fig. 1Cardiac IL-12p35 expression in DOX- or saline-treated mice. IL-12p35 expression levels in the saline group and DOX group were measured by western blotting (A), immunohistochemistry (brown granules, 400×) (B) and immunofluorescence (red granules, 400×) (C). HPF = high-power field; N = 4 in each group. \*P \< 0.05 vs. the saline group.Fig. 1

3.2. IL-12p35 KO Aggravated DOX-induced Injury {#s0060}
----------------------------------------------

In the 5 days of DOX treatment, the body weights of both the DOX group and the DOX + p35 KO group gradually decreased. At the end of the fifth day, the body weight in the DOX group was reduced by approximately 4.2 g, while one mouse in the DOX + p35 KO group died, and the body weight in that group was reduced by approximately 6.2 g ([Fig. 2](#f0010){ref-type="fig"}A). The heart weight was significantly reduced in the DOX group and further reduced in the DOX + p35 KO group ([Fig. 2](#f0010){ref-type="fig"}B). In addition, the number of vacuolated cardiomyocytes was significantly increased in WT mice and further increased in IL-12p35 KO mice when treated with DOX for 5 days ([Fig. 2](#f0010){ref-type="fig"}C). Furthermore, the markers of cardiac injury, including LDH and CK-MB, in the serum and the heart exhibited a similar trend as the number of vacuolated cardiomyocytes ([Fig. 2](#f0010){ref-type="fig"}D--G).Fig. 2Effect of IL-12p35 KO on DOX-induced cardiac injury. (A) Body weight was measured in each group at different times; N = 8 in each group. (B) Heart weight was measured at the end of the fifth day in the four groups; N = 8 in each group. (C) Heart sections were obtained and stained with HE. The vacuolated cardiomyocytes were quantified (400×); N = 6 in each group. Serum LDH (D) and CK-MB (F) levels were assessed; N = 8 in each group. Heart LDH (E) and CK-MB (G) levels were detected; N = 4 in each group. \*P \< 0.05 vs. the control group, and ^\#^P \< 0.05 vs. the DOX group.Fig. 2

3.3. IL-12p35 KO Exacerbated DOX-induced Cardiac Dysfunction {#s0065}
------------------------------------------------------------

Echocardiography showed that the HR, LVEF and FS were significantly decreased in the DOX group compared with the control group after 5 days of DOX treatment and that IL-12p35 KO exacerbated the decrease in those parameters in DOX-treated mice ([Fig. 3](#f0015){ref-type="fig"}A--C). Similar results were obtained with invasive hemodynamic measurements. DOX-induced LV systolic ([Fig. 3](#f0015){ref-type="fig"}D and F) and diastolic ([Fig. 3](#f0015){ref-type="fig"}E and G) dysfunction was significantly increased by IL-12p35 KO.Fig. 3Evaluation of LV function by echocardiography and hemodynamic data in each group. HR (A), LVEF (B), and FS (C) were evaluated by echocardiography in the control, p35 KO, DOX and DOX + p35 KO groups. Positive and negative dP/dt max (D, E), LVSP (F) and LVEDP (G) were assessed by hemodynamic data in the four groups; N = 8 in each group. \*P \< 0.05 vs. the control group, and ^\#^P \< 0.05 vs. the DOX group.Fig. 3

3.4. IL-12p35 KO Reduced DOX-induced STAT3 Phosphorylation {#s0070}
----------------------------------------------------------

STAT1, STAT3, STAT4 and p65 phosphorylation was measured by western blot in LV tissues, and the results demonstrated that DOX treatment significantly increased STAT1, STAT3, STAT4 and p65 phosphorylation. STAT3 phosphorylation, but not STAT1, STAT4 or p65 phosphorylation, could be partly prevented by IL-12p35 KO ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4Effect of IL-12p35 KO on STAT3, STAT4 and p65 phosphorylation. Representative images and quantification of p-STAT1, t-STAT1, p-STAT3, t-STAT3, p-STAT4, t-STAT4, p-p65, t-p65 and GAPDH by western blot in the left ventricle of each group; N = 6 in each group. \*P \< 0.05 vs. the control group, and ^\#^P \< 0.05 vs. the DOX group.Fig. 4

3.5. IL-12p35 KO Enhanced the DOX-induced Inflammatory Response {#s0075}
---------------------------------------------------------------

To examine the effect of IL-12p35 KO on the inflammatory response, we first detected M1 macrophage (Mø1) and M2 macrophage (Mø2) expression in the left ventricle. Both the surface markers and soluble mediators of Mø1 (CD80 and iNOS) and Mø2 (CD206 and Arg-1) were evaluated. The results of surface staining showed that treatment with DOX resulted in increased levels of CD80 expression in the heart and that IL-12p35 KO further increased CD80 levels in DOX-treated mice ([Fig. 5](#f0025){ref-type="fig"}A). Meanwhile, DOX induced a decrease in CD206 expression level in the heart, and IL-12p35 KO further reduced CD206 levels in DOX-treated mice ([Fig. 5](#f0025){ref-type="fig"}A). In addition, staining for the soluble mediators showed that the expression of iNOS and Arg-1 exhibited a similar trend as the expression of CD80 and CD206 in the heart, respectively ([Fig. 5](#f0025){ref-type="fig"}B). We also measured iNOS and Arg-1 expression levels by western blot, and higher iNOS levels and lower Arg-1 levels were observed in the DOX + p35 KO group than the DOX group ([Fig. 5](#f0025){ref-type="fig"}C). Inflammatory cytokine mRNA expression levels were also detected, and the results showed that IL-12p35 KO increased the DOX-induced increase in the expression levels of IL-1β, IL-6, IL-17, TNF-α, IFN-γ and MCP-1 mRNA but further reduced the DOX-induced decrease in the levels of IL-4, IL-10 and IL-13 mRNA expression ([Fig. 5](#f0025){ref-type="fig"}D).Fig. 5Expression of macrophage markers and macrophage-related inflammatory cytokine mRNA in the control, p35 KO, DOX and DOX + p35 KO groups. (A). Surface markers of macrophages, including CD80 and CD206, in the left ventricle were detected by immunohistochemistry in the four groups (brown granules, 400×). (B). Soluble mediators of macrophages, including iNOS and Arg-1, in the left ventricle were detected by immunohistochemistry in each group (red granules, 400×). (C). Soluble mediators of macrophages, including iNOS and Arg-1, in the left ventricle were assessed by western blotting. (D). The mRNA expression levels of IL-1β, IL-6, IL-17, TNF-α, IFN-γ, MCP-1, IL-4, IL-10 and IL-13 were measured by RT-qPCR. HPF = high-power field; N = 6 in each group. \*P \< 0.05 vs. the control group, and ^\#^P \< 0.05 vs. the DOX group.Fig. 5

3.6. IL-12p35 KO Aggravated DOX-induced Oxidative Stress {#s0080}
--------------------------------------------------------

To investigate the effect of IL-12p35 KO on oxidative stress, we first detected oxidative stress and antioxidative stress signaling pathway expression. The results showed that DOX treatment activated the Nox2 and Nox4 pathways but suppressed the Nrf2 and HO-1 pathways; IL-12p35 KO further increased Nox2 and Nox4 activation but further reduced Nrf2 and HO-1 activation ([Fig. 6](#f0030){ref-type="fig"}A). In addition, we assessed MDA, SOD and GSH expression in the heart, and further increased MDA levels and further decreased SOD and GSH levels were observed in the DOX + p35 KO group compared with the DOX group ([Fig. 6](#f0030){ref-type="fig"}B--D). Furthermore, the 4-HNE expression level in each group was examined, and the results showed that treatment with DOX significantly increased 4-HNE levels, while IL-12p35 KO further increased the level of DOX-induced 4-HNE expression ([Fig. 6](#f0030){ref-type="fig"}E).Fig. 6Regulation of IL-12p35 KO on DOX-induced oxidative stress in hearts. (A). Representative images and quantification of Nox2, Nox4, Nrf2, HO-1 and GAPDH by western blotting in the control, p35 KO, DOX and DOX + p35 KO groups. MDA (B), SOD (C) and GSH (D) levels in the left ventricle were measured in each group. (E). The immunohistochemical signal intensity was used to quantify the expression of 4-HNE in the four groups (400×); N = 6 in each group. \*P \< 0.05 vs. the control group, and ^\#^P \< 0.05 vs. the DOX group.Fig. 6

3.7. IL-12p35 KO Aggravated DOX-induced Myocardial Apoptosis {#s0085}
------------------------------------------------------------

We first detected the activation of apoptosis-related signaling pathways, and the results showed that 5 days after DOX treatment, there were higher levels of Bax, Cyto C, Cle-cas9 and Cle-cas3 and lower levels of Bcl2 in the DOX group than in the control group. Meanwhile, IL-12p35 KO increased Bax, cytoplasmic Cyto C, Cle-cas9, Cle-cas3 levels and decreased Bcl2 levels in DOX-treated mice ([Fig. 7](#f0035){ref-type="fig"}A). In addition, after treatment with DOX for 5 days, an increase in the number of TUNEL-positive cells was observed in DOX-treated mice, and IL-12p35 KO could further increase the number of these TUNEL-positive cells ([Fig. 7](#f0035){ref-type="fig"}B).Fig. 7Effect of IL-12p35 KO on DOX-induced myocardial apoptosis. (A). Representative images and quantification of Bax, Bcl2, Cyto C, Cle-cas9, Cle-cas3 and GAPDH by western blotting in the control, p35 KO, DOX and DOX + p35 KO groups. (B). Representative images of TUNEL staining and the quantitative results in each group (400×); N = 6 in each group. \*P \< 0.05 vs. the control group, and ^\#^P \< 0.05 vs. the DOX group.Fig. 7

3.8. IL-12p35 KO Aggravated DOX-induced Endoplasmic Stress and Autophagy {#s0090}
------------------------------------------------------------------------

Next, we detected the activation of the endoplasmic stress-related pathway, and the results showed that DOX treatment could increase the expression levels of p-PERK, p-eIF2a, ATF4, CHOP and Cle-cas12 and that IL-12p35 KO could further increase the expression levels of these proteins ([Fig. 8](#f0040){ref-type="fig"}A). In addition, we examined the expression of autophagic proteins, and the results showed that IL-12p35 KO and treatment with DOX could result in higher beclin 1 and LC3-II protein expression levels than DOX treatment alone ([Fig. 8](#f0040){ref-type="fig"}B). Furthermore, to indicate the occurrence of autophagy, TEM analysis was performed, and the results showed that IL-12p35 KO increased the formation of autophagosomes in DOX-treated mice ([Fig. 8](#f0040){ref-type="fig"}C).Fig. 8Effect of IL-12p35 KO on DOX-induced endoplasmic stress and autophagy. (A). Representative images and quantification of p-PERK, p-eIF2a, ATF4, CHOP, Cle-cas12 and GAPDH by western blotting in the control, p35 KO, DOX and DOX + p35 KO groups. (B). Representative images and quantification of beclin 1, LC3--1/II and GAPDH by western blotting in each group. (C). Representative transmission electron micrographs indicating the formation of an autophagosome (5000×); N = 6 in each group. \*P \< 0.05 vs. the control group, and ^\#^P \< 0.05 vs. the DOX group.Fig. 8

3.9. Both IL-12 and IL-35 Treatment Protected against DOX-induced Cardiac Injury {#s0095}
--------------------------------------------------------------------------------

Pretreatment with exogenous rIL-12 and rIL-35 significantly reduced the number of vacuolated cardiomyocytes ([Fig. 9](#f0045){ref-type="fig"}A). Lower levels of cardiomyocyte injury markers, including LDH and CK-MB, were observed in the heart tissue ([Fig. 9](#f0045){ref-type="fig"}B and C). In addition, both rIL-12 and rIL-35 increased STAT3 pathway phosphorylation ([Fig. 9](#f0045){ref-type="fig"}D). Exogenous rIL-12 and rIL-35 also decreased Mø1 marker expression and prooxidative stress pathway activation but increased Mø2 marker expression and antioxidative stress pathway activation ([Fig. 9](#f0045){ref-type="fig"}E and F). In addition, lower levels of proteins in the apoptotic pathway and autophagy pathway, while higher Bcl2 levels were observed ([Fig. 9](#f0045){ref-type="fig"}G and H). Finally, decreased beclin 1 and LC3-II protein levels were observed in rIL-12- and rIL-35-treated mice ([Fig. 9](#f0045){ref-type="fig"}I).Fig. 9Effect of rIL-12 and rIL-35 on DOX-induced cardiac injury. (A). Heart sections were obtained from the three indicated groups and stained with HE (400×). The number of vacuolated cardiomyocytes was quantified; N = 5 in each group. Heart LDH (B) and CK-MB (C) levels were assessed; N = 6 in each group. (D). Level of STAT3 phosphorylation in each group was measured; N = 5 in each group. The levels of iNOS and Arg-1 (E); Nox2, Nox4, Nrf2 and HO-1 (F); Bax, Bcl2, Cyto C, Cle-cas9 and Cle-cas3 (G); p-PERK, p-eIF2a, ATF4, CHOP and Cle-cas12 (H); and beclin 1 and LC3-I/II were detected by western blotting in each group; N = 5 in each group. \*P \< 0.05 vs. the DOX + PBS group.Fig. 9

4. Discussion {#s0100}
=============

In the study, we demonstrated for the first time that DOX treatment for 5 days could increase the level of cardiac IL-12p35 expression. While IL-12p35 KO significantly aggravated DOX-induced cardiac injury and dysfunction in mice, more serious inflammatory responses, further imbalance of oxidative stress, and further deterioration of myocardial apoptosis and autophagy were the possible mechanisms. In addition, DOX-induced cardiac injury could be alleviated by both rIL-12 and rIL-35. Our present study thus provided a novel direction for the clinical treatment of DOX-induced cardiac injury.

In an earlier study, Yulin Li et al. reported that the cardiac IL-12p35 expression level was time dependently increased in angiotensin II-treated mice \[[@bb0095]\]. In a later article, Yulin Li et al. also reported that the level of cardiac IL-12p35 mRNA expression was increased in remote, infarction and border zones at 3 days after myocardial infarction \[[@bb0110]\]. In addition, IL-12p35 KO was found to enhance angiotensin II-induced cardiac fibrosis by promoting CD4 T cell-dependent Mø2 differentiation and to improve cardiac repair after myocardial infarction by promoting angiogenesis \[[@bb0105], [@bb0110]\]. This evidence supports that IL-12p35 may be closely related to cardiovascular diseases. Therefore, we first measured the level of IL-12p35 expression in DOX-treated mice, and the results showed that treatment with DOX for 5 days increased the cardiac IL-12p35 expression level by approximately 1.1-fold. These results suggest that IL-12p35 may participate in DOX-induced cardiac injury. To investigate the role of IL-12p35 in cardiac injury, IL-12p35 KO mice were treated with DOX, and compared with DOX-treated control mice, decreased body weight and heart weight, an increased number of vacuolated cardiomyocytes and an increased level of serum and heart myocardial injury marker expression were observed. In addition, IL-12p35 KO further deteriorated DOX-induced cardiac dysfunction in mice. This evidence demonstrated that IL-12p35 deletion further exacerbated DOX-induced myocardial injury.

DOX-induced cardiac injury and subsequent cardiac dysfunction are common clinical challenges in tumor patients after chemotherapy. Although the specific mechanisms of DOX-induced cardiac injury and dysfunction are unclear, increasing evidence has demonstrated that inflammation and oxidative stress play an important role in the progression of DOX-induced cardiac injury and dysfunction, as an intense inflammatory response and imbalance of oxidative stress could mediate cardiomyocyte apoptosis \[[@bb0010], [@bb0025], [@bb0120]\]. Macrophages are the most important and most studied cells in inflammation and the immune response. Activated macrophages can differentiate into Mø1 and Mø2, which play proinflammatory and anti-inflammatory roles and are involved in tissue injury and repair \[[@bb0125]\]. An imbalance between Mø1 and Mø2 may underlie many inflammatory diseases, including aortic dissection, atherosclerosis, and coronary artery disease \[[@bb0130], [@bb0135], [@bb0140]\]. An effect of IL-12p35 KO on the regulation of Mø2 differentiation has been reported previously \[[@bb0105]\]. Therefore, to investigate whether IL-12p35 KO affects DOX-induced cardiac injury by regulating the macrophage-induced inflammatory response, we first detected cardiac Mø1 and Mø2 expression and the mRNA expression levels of their inflammatory cytokines. Our data indicate that IL-12p35 KO promoted Mø1 differentiation and Mø1-related inflammatory cytokine expression but inhibited Mø2 differentiation and Mø2-related inflammatory cytokine expression. We also found that DOX treatment inhibited Mø2 differentiation, which is consistent with a recent study \[[@bb0020]\]. However, the present study found that IL-12p35 KO further reduced Mø2 differentiation, which is in contrast to the findings of a previous article \[[@bb0105]\], potentially due to the use of different experimental models. Nevertheless, our results suggest that further imbalance of the inflammatory response was one of the mechanisms by which IL-12p35 KO aggravated DOX-induced cardiac injury. The literature overwhelmingly highlights the unique vulnerability of the heart to DOX-induced cardiac injury \[[@bb0145]\]. The induction of free radical production, in addition to overwhelming the enzymatic defenses of cardiomyocytes, is the best-described major mechanism through which DOX injures the myocardium \[[@bb0150], [@bb0155]\]. To define whether IL-12p35 KO affects the regulation of DOX-induced oxidative stress, we measured the oxidative stress level, and the results showed that IL-12p35 KO resulted in more severe oxidative stress. Our data suggest that inducing a higher oxidative stress level is another mechanism by which IL-12p35 KO aggravates DOX-induced cardiac injury.

STAT3 is an important signaling pathway in the regulation of cell apoptosis caused by various factors, including myocardial infarction and tumors. The basis of DOX-induced cardiac toxicity is the apoptosis of cardiomyocytes \[[@bb0025], [@bb0160], [@bb0165]\]. Another important mechanism is outer mitochondrial membrane permeabilization and the release of Cyto C, which could lead to mitochondrial dysfunction \[[@bb0170]\]. There is also evidence showing that STAT3 activation could alleviate DOX-induced cardiac injury and cardiac dysfunction by reducing cardiomyocyte apoptosis \[[@bb0175], [@bb0180]\]. In the present study, we found that IL-12p35 KO inhibited DOX-induced activation of the STAT3 pathway, further activated mitochondria-associated apoptotic signaling pathways and increased the number of apoptotic cells, and our results are consistent with those of previous studies.

ER stress is an important signal in the regulation of cell survival and death; ER stress is one of the most important mediators of cardiac cell apoptosis \[[@bb0180]\]. Interestingly, the effect of ER stress on the regulation of apoptosis has a dual nature; mild autophagy partly protects cells from harmful conditions and promotes cell survival, whereas severe or rapid autophagy will induce programmed cell death, known as autophagic cell death \[[@bb0185], [@bb0190], [@bb0195], [@bb0200], [@bb0205]\]. To investigate whether autophagy participates in apoptosis, we detected ER stress-related pathways and beclin 1 and LC3-II expression; we found that the ER stress-related pathways were further activated and that the autophagy-associated protein expression level was higher in the DOX + p35 KO group than in the DOX-only group. To define whether higher autophagy levels were related to the higher apoptotic rate in the DOX + p35 KO group, we also measured the level of Cle-cas12, which was localized to the ER and is specifically activated by ER stress. DOX-treated IL-12p35 KO mice exhibited increased expression levels of Cle-cas12, suggesting that ER stress activates the apoptotic pathways and may contribute to cardiac cell apoptosis but is not a protective mechanism against cardiac cell apoptosis. Consistent with this hypothesis, autophagosomes were observed by electron microscopy in DOX-treated mice, and these changes were magnified in IL-12p35 KO mice. These results suggest that IL-12p35 KO may aggravate autophagy and thereby increase apoptosis in DOX-treated mice as another mechanism of aggravating cardiac injury.

In summary, the results of the present study are the first to demonstrate that IL-12p35 KO aggravates DOX-induced cardiac injury and cardiac dysfunction. Although the exact mechanisms of the IL-12p35 in DOX-induced cardiac injury have not been fully clarified, upregulation of the inflammatory response, oxidative stress, apoptosis and autophagy may be underlying mechanisms. In addition, we found that autophagy may participate in the progression of DOX-induced cardiac injury, which has not been reported in previous studies. Consequently, we may have found a new therapeutic option in the clinical prevention and treatment of DOX-induced cardiac injury. (3612 words).
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